with virus and protein production. This work was supported by NIH grant R01NS067216 and the Gatsby Charitable Foundation. Many biological functions are conserved, but the extent to which conservation applies to integrative behaviors is unknown. Vasopressin and oxytocin neuropeptides are strongly implicated in mammalian reproductive and social behaviors, yet rodent loss-of-function mutants have relatively subtle behavioral defects. Here we identify an oxytocin/vasopressin-like signaling system in Caenorhabditis elegans, consisting of a peptide and two receptors that are expressed in sexually dimorphic patterns. Males lacking the peptide or its receptors perform poorly in reproductive behaviors, including mate search, mate recognition, and mating, but other sensorimotor behaviors are intact. Quantitative analysis indicates that mating motor patterns are fragmented and inefficient in mutants, suggesting that oxytocin/vasopressin peptides increase the coherence of mating behaviors. These results indicate that conserved molecules coordinate diverse behavioral motifs in reproductive behavior.
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A nimal behaviors such as mating, feeding, or foraging typically involve combinations of simpler actions and motor patterns that develop over different time scales. In the case of reproductive behavior, neuropeptide signaling through oxytocin and vasopressin peptides may provide a global organizing role. The mammalian hypothalamic neuropeptide oxytocin, released during birth, stimulates maternal behaviors as well as uterine contractions and lactation, and the related peptide vasopressin is linked to male-typical behaviors in rodents and fish, in addition to its role in fluid homeostasis (1) . Similarly, administration of the oxytocin/vasopressinrelated peptide conopressin to leeches stimulates reproductive behaviors and mating-related neuronal activity (2) . A more general role for oxytocin in social behaviors is suggested by the social amnesia of oxytocin mutant mice (3) and by altered social decision-making in humans after oxytocin administration (4). However, mammalian oxytocin and vasopressin mutants have subtle behavioral defects relative to the potency of the administered peptides (5) . To define the role of these neuropeptides in endogenous reproductive behaviors, we here address their function through genetic analysis of an oxytocin/vasopressin-related neuropeptide in the nematode Caenorhabditis elegans.
Through homology searches, we identified a gene in C. elegans with similarity to mammalian vasopressin and oxytocin (ntc-1; Fig. 1 (6) , identifying a peptide matching the mass predicted for an 11-amino acid cyclized peptide with an amidated C terminus ( Fig. 1C and fig. S2 ). Fragmentation of this peptide by liquid chromatography-tandem mass spectrometry confirmed the existence of a C. elegans neuropeptide, nematocin. The C. elegans genome also predicts two genes encoding G proteincoupled receptors related to vertebrate oxytocin and vasopressin receptors, the nematocin receptor (ntr) genes ( Fig. 1A and figs. S3 and S4). To determine whether these encode nematocin receptors, we expressed ntr-1 and ntr-2 cDNAs in HEK293T cells with the promiscuous G protein Ga15 and administered a synthetic cyclized peptide corresponding to nematocin. Cells transfected with ntr-1 responded to nematocin with calcium transients and a nanomolar median effective concentration (EC 50 ) (Fig. 1, D and E, and fig. S1 ). Cells transfected with ntr-2 did not mobilize calcium in response to nematocin, but cells cotransfected with both receptors responded to nematocin with decreases in intracellular cyclic adenosine monophosphate (cAMP), suggesting coupling to a signaling pathway that antagonizes adenylyl cyclase ( Fig. 1F and fig.  S1 ) (7) . Although heterologous expression may not capture all native functions, these results suggest that NTR-1 and NTR-2 can contribute 
The expression of nematocin and ntr genes was examined by conventional and fosmidrecombineered green fluorescent protein (GFP) reporter genes and additionally with antisera generated against synthetic nematocin (Fig. 2, A to H; figs. S5 and S6; and table S1). C. elegans has two sexes, self-fertilizing hermaphrodites that can also mate as females, and cross-fertilizing males (8) . Both sexes expressed nematocin in the AFD thermosensory neurons, which mediate thermotaxis (9) , and in the DVA mechanosensory neuron, which regulates locomotion and posture (10); and males expressed nematocin in male-specific CP motor neurons that control turning behavior during mating (11) (Fig. 2, A and B, and G and H). Both sexes expressed ntr receptor reporter genes in partly overlapping sets of head and tail neurons, and males additionally expressed them in male-specific neurons and muscles implicated in mating (Fig. 2, C to F; fig. S6 ; and table S1): ntr-1 in hook and tail sensory neurons [HOB, which senses the vulva; and rays 1, 5, 7, and 9, which sense hermaphrodite contact (12) ] and in spicule protractor muscles, which act during sperm transfer (13); and ntr-2 in the male-specific SPC sensorymotor tail neurons that induce spicule penetration and muscle contraction for sperm transfer (13, 14) and in the male-specific oblique muscles that promote prolonged vulval contact (14) . The reporter genes rescued all behavioral phenotypes described below, indicating that they are expressed in functionally relevant sites (Fig. 3) .
Null mutants for nematocin and the two ntr genes were viable and fertile as hermaphrodites, with normal locomotion speed, egg-laying behavior, and numbers of progeny ( fig. S7 ). The males were also viable, but they had reduced mating success: When single males were housed with single mating partners, the number of progeny per male was reduced 2.5-fold in nematocin or ntr-2 mutants as compared to wild-type males (Fig. 3B) . We characterized the male mating defect by quantitative analysis of mating encounters between individual virgin males and hermaphrodite mating partners in a 5-min viewing period, and found that nematocin mutant males were inefficient at multiple mating stages. When placed in a small arena with food and mating partners, a wild-type male typically attempted to mate with the first hermaphrodite that his tail touched, located her vulva after he made one or two turns around her body, and successfully transferred sperm within 5 min (Fig. 3A and C to E, and fig.  S8 ). Nematocin mutant males attempted to mate only after numerous hermaphrodite contacts (Fig.  3D) , made more turns around the hermaphrodite before locating the vulva (Fig. 3E) , and had difficulty executing turns, maintaining vulval contact, and transferring sperm within the assay period ( Fig. 3C and fig. S8 ). Ethograms showed fragmentation of the mating sequence and repetition of early mating steps in nematocin mutant males ( Fig. 3F and fig. S9 ). All defects were rescued by transgenes that spanned the nematocin gene (Fig. 3, B to E, and fig. S8 ).
Null mutations in the receptor genes disrupted partly overlapping aspects of the mating response. ntr-1 was required for the initial response to hermaphrodite contact (Fig. 3D) , matching ntr-1 expression in male ray neurons that mediate this behavior (12) . This defect was partially rescued by ntr-1 expression in a subset of ray neurons ( fig. S10 ). ntr-2 had a substantial effect on overall reproductive efficiency (Fig. 3B) . Both receptors were required for correct execution of turns and mating success (Fig.  3, C and E) .
C. elegans males have a long-term mate search behavior in which they leave a bacterial food source that lacks hermaphrodite mating partners (15) . Nematocin mutant males and ntr mutant males were partly deficient in male-typical leaving behavior, suggesting a defect in mate search (Fig. 3G) . This behavioral change was not due to a general locomotion or sensory defect, because nematocin mutants had normal locomotion parameters on and off of food and normal responses to aversive stimuli, touch, and drugs (figs. S11 and S12).
The broad actions of nematocin on male mating behaviors could result from humoral secretion that activates many targets, precise release at specific neuronal sites, or a mixture of the two. To identify relevant sites of nematocin action without risking misexpression, we focused on rescue with the endogenous nematocin promoter, manipulating its precise expression pattern through Cre-mediated recombination (Fig. 4A) . Cre-mediated recombination in all ntc-expressing cells caused defects in all male mating behaviors ( fig. S13 ), whereas specific Cre-mediated recombination in the DVA mechanosensory neuron led to defects in initial contact response and vulva location efficiency, but did not affect turning behaviors (Fig. 4, C to F) . Laser ablation of the DVA neuron caused the same defect in the hermaphrodite contact response as the DVA nematocin knockout (Fig. 4B) . DVA ablation also generated striking male-specific defects in locomotion speed and posture that were not observed in nematocin mutants ( fig. S14 ). DVA has only mild effects on hermaphrodite loco- motion and is not obviously sexually dimorphic, so its strong male-specific effects on movement were unexpected.
These results indicate that nematocin provides a neuromodulatory input to organize diverse aspects of male mating, increasing the effectiveness by which distributed circuits generate coherent behaviors. DVA is directly proprioceptive (10) and also receives synaptic input from the male sensory ray neurons and mechanosensory neurons (16) ; its ability to release nematocin that activates NTR-1 on ray neurons may provide a feedback signal at the onset of mating. The DVA neuron produces additional transmitters and performs other functions, and nematocin is released from additional sources, so the functions of mating neurons and peptides are partly orthogonal (7, 12, 13) . We suggest that nematocin and its receptors prime neurons in a variety of local circuits to generate a neuroethological "appetitive" function in mating. This insight refines the likely functions of oxytocin/ vasopressin-related neuropeptides and suggests that they have ancient roles in reproductive behaviors that are conserved in bilaterian vertebrates, lophotrochozoa, and nematodes. The apparent conservation of oxytocin/vasopressin peptides in reproductive behavior stands in contrast with the diversity of mechanisms for sex determination, sex chromosomes, and dosage compensation (17) .
Mammalian VP and OT peptides can act as central nervous system mediators of social behaviors, including parental care, pair bonding, social cognition, and aggression (7, 8) . They also modulate vertebrate cognition in a nonsocial context, although mechanistic complexities confound a clear understanding of these effects (9) . Here, we identify and study a VP/OT-related system in the genetically tractable model Caenorhabditis elegans, which displays a high level of behavioral plasticity despite its relatively simple nervous system (10) .
Through in silico data mining of the C. elegans genome, we characterized 91 presumptive neuropeptide heterotrimeric guanine nucleotide-binding protein (G protein)-coupled receptor (GPCR) genes (11) . Protein sequences of two orphan rhodopsin class GPCR genes, which we named nematocin receptors ntr-1 (T07D10.2) and ntr-2 (F14F4.1), clustered in the VP and OT receptor clade ( fig.  S1 and table S1). Sequence alignment with insect, mollusk, and mammalian VP/OT receptors revealed the presence of specific amino acid residues important for VP/OT peptide binding ( fig. S2 and table S1).
To determine the cognate ligand of NTR-1 and NTR-2, we cloned and transiently expressed each receptor in Chinese hamster ovary (CHO) cells stably overexpressing apo-aequorin and the promiscuous Ga 16 subunit (12) . We challenged these cells with a synthetic library of 262 known and predicted C. elegans peptides. NTR-1-expressing cells responded dose-dependently with a nanomolar half maximal effective concentration (EC 50 ) to a single peptide CFLNSCPYRRYamide (13), henceforward named nematocin (Fig. 1A) . Several amino acid residues of nematocin match the neurohypophyseal peptide motif, supporting that it belongs to the VP/OT peptide family (table  S2) . Structural conservation is also evident at the level of its preproprotein (Fig. 1B, fig. S3 , and table S3) encoded by the nematocin precursor gene ntc-1 (F39C12.4) . Similar to the architecture of VP/OT-related precursors, NTC-1 comprises a cysteine-rich neurophysin domain located immediately downstream of the mature peptide. Insect and octopus VP/OT-related peptides and a predicted, truncated form of nematocin, CFLNSCPY (13) , were unable to activate NTR-1 (Fig. 1A  and fig. S4 ), indicating the importance of the C-terminal nematocin residues for receptor activation. NTR-2 did not respond to nematocin or affect the dose-dependent activation of NTR-1 ( fig. S5) . We conclude that the VP/OT-related
